Chemical abundances in ve stars in M54, a globular cluster associated with the Sagittarius dwarf galaxy, have been determined using high-resolution echelle spectra. We nd the cluster to have Fe/H] = ?1.55 and possibly Halo-normal abundance patterns, although the O/Fe] and /Fe] ratios lie between solar and the normal Halo values. One star shows the combination of low oxygen and enhanced Na and Al, symptomatic of deep mixing of ON-cycle and other proton-capture products; a second star shows a lesser degree of O depletion unaccompanied by Na and Al excesses. In the cluster Eu is also enhanced, indicating that about 30% of the Ba in the cluster is due to the r-process. In general, M54 is similar to globulars of comparable metallicity in the inner Galactic Halo, despite its clear association with the Sagittarius dwarf spheroidal.
Introduction
For many years there have been two suggestions as to the origin of the halo of our Galaxy. Eggen, Lynden-Bell & Sandage (1962) theorized a rapid collapse that initiated the formation of the Galaxy as a whole. During the collapse, halo stars and globular clusters formed with elliptical orbits of random inclinations. Individual halo stars are known with Fe/H] as low as ?4 while halo globulars show Fe/H] values between ?2:5 and about ?0:8 (Zinn 1985) . Either the globulars formed after some enrichment by stellar ejecta had salted the halo or enriched themselves by ejecta from their most massive stars while the currently observable stars were still forming.
Alternatively Searle & Zinn (1978) suggested that the halo (or at least some of it) consists of stars and clusters captured from what might be called a \superhalo" of surrounding small systems such as dwarf spheroidal members of the Local Group. These small systems enriched themselves to varying degrees before being captured thus providing the Halo with stars and clusters with a range of Fe/H] values, other abundance patterns, and orbital characteristics.
It is likely that both an initial collapse and subsequent captures of surrounding systems has taken place (van den Bergh 1996) . In addition to the evidence presented by Eggen et al. (1962) , the presence of an initial condensation would help to capture small surrounding systems. Of course a protogalaxy consisting of purely dark matter could have done the trick. The idea of captured systems is supported by the fact that most outer-halo globular clusters (with the conspicuous exception of NGC 2419) show the \second parameter syndrome" of low metallicity and a horizontal branch populated by mainly red stars. Even more convincing is the fact that we are now seeing, before our very eyes (or rather telescopes), the capture of a system that appears to be similar to some of the surrounding dwarf spheroidals of the Local Group.
In 1994 Ibata, Gilmore, & Irwin recognized that a large group of faint stars located beyond the Galactic Center constitute an external system that is being captured and disrupted by our Galaxy. Mateo et al. (1995) derived a rst color-magnitude diagram of the system, the Sagittarius dwarf, that showed it is of substantial age | 10 Gyr | but younger than most globular clusters. They estimated a moderate metal de ciency of Fe/H] = ?1:1 0:3 for the system from the M v of the brightest red giants. The Sgr system has been found to have at least three and possibly 4 associated globular clusters (da Costa & Armandro 1995) . Two of these, M54 and Terzan 8, appear to be of low metallicity on the basis of the absolute magnitudes of their brightest red giants and spectroscopy of the infrared Ca II triplet. Although the ages of M54 and Terzan 8 seem to be very nearly the same as for the Sgr system as a whole (Montegri o et al. 1998) it appears that metallicity enhancement in these globulars did not reach the level of the main body of the Sgr galaxy. By comparing the chemical composition of stars in its metal-poor globulars with stars in the main body, whose metallicity appears to be greater by about an order of magnitude (Mateo et al. 1995) , we can trace the chemical evolution of this system. In addition, we can compare the composition of the globulars associated with the Sgr system with globulars in our Galaxy.
For the associated globular cluster M54 Sarajedini and Layden (1995) Marconi et al. (1998) have discussed the di erences in populations, as derived from color-magnitude diagrams, of M54 and the main Sgr system. The substantial di erences that they nd indicate that the star formation and metal-enrichment histories of the two systems have been signi cantly di erent. It seems highly likely that we are witnessing the capture of a small galaxy with a few globular clusters, similar to the Fornax system. However, unlike Fornax, the Sgr system and its globulars are close enough for high dispersion spectroscopic analysis and the determination of the chemical composition of the brightest red giants.
The Sgr system is the closest known companion to our Galaxy. As a small system, as compared with large elliptical galaxies and spirals with large central bulges, it is likely that the Sgr system has had a simpler (or at least di erent) evolutionary history than larger ones. At some time in the past it must have lost its remaining interstellar matter thereby terminating star formation; Koribalski et al. (1994) report a low limit to possible H I in the system now. Such systems are excellent tests of galactic enrichment theory, which is so important in understanding the evolution of galaxies at unobservable times (e.g., Timmes, Woosley and Weaver 1995) .
Detailed analyses of globular star clusters and nearby metal-poor eld stars have long shown the di ering behavior of oxygen and the -elements as compared to iron, due presumably to the absence of Type Ia supernovae early in the history of metal-poor systems (Wheeler, Sneden and Truran 1989) . In addition, some peculiar and diverse behaviors of the r-process elements as compared to the s-process elements in Omega Cen (Smith et al. 1995 ) and certain extremely metal-poor eld stars have been revealed by high dispersion spectroscopy (see, e.g., Sneden et al. 1996 , McWilliam et al. 1995 , McWilliam 1998 . Brown et al. (1997) found abundance patterns atypical of the inner Halo in the clusters Rup 106 and Pal 12, where the excesses of the -elements (and O, in Rup 106) were absent. There are also eld stars with large metal de ciencies and no enhancement of the -elements (Nissen and Schuster 1997; Carney et al. 1997; Gilmore and Wyse 1998) . The peculiar abundances in Rup 106 and Pal 12 obviously indicate a rather di erent chemical evolution of their parent gas clouds, suggesting a much larger relative contribution by SN Ia's relative to SN II's than is the case for normal Halo stars. It is easy to associate the relative youth of these clusters with the extra time needed for the precursors of SN Ia's to evolve to explosion, but there have also been interesting suggestions based on their kinematics that Pal 12 and Rup 106 are captured objects (Lin & Richer 1992; Majewski 1994; Lynden-Bell & Lynden-Bell 1995; Fusi Pecci et al. 1995) , in which case the environment of their formation could have been di erent from those of the clusters now in the inner Halo. In this context, an examination of the abundances of clusters belonging to the Sgr system is particularly interesting.
Observations and Analysis
The observations were taken in two di erent observing runs with the CTIO 4-meter telescope and cassegrain echelle spectrograph, with a Loral 3k CCD as a detector, with the 31.6 lines mm ?1 grating, air Schmidt camera, and 226-3 cross disperser grating. The con guration yields a resolving power = = 24,000, and a spectral coverage of 5500-9000. Two exposures were obtained for each star, ranging from 8100 seconds to 6000 seconds in length, but one exposure for Ibata 13 proved to be badly a ected by intra-exposure exure and was unusable. Spectra of bright rapidly-rotating B stars were also obtained for division and cancellation of telluric absorption lines. Spectra of a Th-Ar lamp were used to determine dispersion curves. The data were reduced and equivalent { 7 { widths measured with the echelle reduction package in IRAF (version 2.10). 3 The S/N ratio in the nal summed spectra was about 60 at 6300 A from 240 to 270 total minutes of exposure on stars Ibata 1, 2, 10, and 11; for Ibata 13, with only 100 minutes of useful exposure, the S/N ratio at 6300 A was about 35.
Initial model atmosphere parameters were derived from photometry supplied by Dr. R. Ibata, the cluster distance modulus and reddening (E(B ? V) = 0:15 and (m ? M) 0 + A V = 17:49, Harris 1996) , and assumed stellar masses of 0.7 M . Initial estimates for the e ective temperatures for the stars were derived from V?I colors and the color-temperature relations of Buser and Kurucz (1992) . The spectroscopic abundances are more internally consistent with somewhat higher (by about 100K) temperatures, values that would result if the reddening were underestimated by about 0.05 in E(B?V), see Section 3. (A modest photometry zero-point error could also produce this.) We chose to apply this as a di erent reddening value and recomputed nal atmosphere parameters with this assumption; this is probably in acceptable agreement with photometry. The adopted values for T eff and log g are included in Table 1 .
The spectral analysis was performed as in earlier papers in this series; for the full description see Brown and Wallerstein (1992) . Lines were selected from the 5800-8900 region for being free of interference and for being of useful strength in our stars' spectra. Equivalent widths of these lines were measured; a model atmosphere was selected or interpolated from the grid of Bell et al. (1976) . These are used with a standard LTE line analysis code (a derivative of MOOG, Sneden 1973) to produce line-by-line abundance results. The stellar microturbulence is set by requiring a zero correlation coe cient between log W/ and abundance for the Fe I lines; Fe I is usually the only species with enough lines spanning a large enough range in line strength to yield a reliable estimate for the microturbulence. The Fe I/Fe II ionization balance serves as a check both on the gravity and the temperature derived from photometry.
We have carefully examined our gf-values for the iron lines, following Lambert et al. (1996) , in light of improvements in the oscillator strengths and rediscussion of the solar iron abundance in the literature since our earlier work. We have adopted the gf-values of Lambert et al. (1996) for those lines which are in our linelist. For other lines we have taken the oscillator strengths from the original laboratory sources (in particular, May et al. 1974 and Bard et al. 1991 in our wavelength interval) and adjusted them to a common scale following Lambert et al. These lines and new gf-values, the Holweger-M uller (1974) solar model atmosphere, and our solar equivalent widths result in a solar microturbulent velocity of 1.10 km sec ?1 , and solar iron abundances of 7:60 0:07 (from 35 Fe I lines) and 7:54 0:05 (from 10 Fe II lines).
For our discussion, we adopt this Fe I value, log "(Fe) = 7:60, as the solar iron abundance. If we use the solar model from Bell et al. (1976) , this line choice produces the same solar microturbulent velocity, but iron abundances of 7:51 0:07 and 7:55 0:05 from Fe I and II, respectively. These compare to recent studies (Holweger et al. 1991 , Bi emont et al. 1991 , Hannaford et al. 1992 , Milford et al. 1994 , Holweger et al. 1995 which cluster around log "(Fe) = 7:52; the very recent study of Schnabel et al. (1999) obtained log "(Fe) = 7:42 0:09 from Fe II lines. Equivalent widths, log gf values, and excitation potentials for all lines are shown in Table 2 , as are the solar abundances for each species that are obtained with this selection of lines and gf-values.
The O I] 6300 line is present in our spectra also, as are features of the 2-0 CN red system bands (both 12 CN and 13 CN) around 8000. These features have been also been measured, but because no C-bearing features (other than CN) are present in our spectra we cannot perform a full CNO abundance analysis. When possible we have derived 12 C= 13 C ratios by spectrum synthesis of the 8000 features (see Brown & Wallerstein 1989 for the description of the analysis technique). The 12 C= 13 C ratio for the CN-strong star Ibata 1 is 4:5 1. Ibata 2 is a CN-weak star, and while the 12 CN lines are detected at threshold strength, the limits on the 13 CN features are not useful. Ibata 10 has somewhat stronger CN features than Ibata 2, with the 13 CN features at threshold; the 12 C= 13 C ratio is 4, within a factor of 2. Ibata 11 has CN features comparable in strength to those of Ibata 1, and has 12 C= 13 C = 5 1:5. The lower S/N in the Ibata 13 spectrum makes isotope ratio determination impossible.
Results and Uncertainties
The abundance results are presented in Table 3 . Included in these tables are purely statistical uncertainty estimates. For species represented by four or more lines the uncertainty, , as quoted in Table 3 was calculated in the usual way for the standard error of the mean (following the terminology of p. 73 of Bevington 1969) . For species represented by less than four lines the standard error of the mean is not a good representation of the uncertainty because two or three entries may by chance be almost the same, giving an unrealistically small uncertainty. Hence, we have for these species divided the mean error for Fe I lines by p n as a preferable estimate of the uncertainty.
The abundance analysis using atmospheres with the initial estimates for T eff produced results suggesting that the actual stellar T eff 's are higher. The Fe II lines yielded an iron abundance 0.2 to 0.4 dex higher than the lines of Fe I, and there were correlations between excitation potential and abundance for the Fe I lines in the sense that higher-excitation lines produced higher abundances. Adjusting the stellar temperatures upward by about and mass xed, which could be produced by a di erence in the reddening of about 0.05 in E(B ? V)) reduces or eliminates these discrepancies, and we adopt these higher temperatures.
The oxygen abundances presented in Table 3 are derived under the assumption of negligible CO formation due to a low carbon abundance (that is, C/Fe] = ?1). Carbon abundances in globular cluster giants are generally far below their oxygen abundances (Brown et al. 1990 ) so that this limit is acceptable in the absence of information on the C abundance. Higher values of the carbon abundance have no signi cant e ects: for C/Fe] = ?0.7, more typical of low-luminosity giants, the implied O abundances increase by 0.01 to
dex (the increase is largest for the most O-poor star).
Systematic errors in the abundances due to uncertainties in the atmosphere parameters can be assessed from Table 4 . Some of the di erences noted above between T eff = 4000 K (the approximate value for four of the ve stars derived from the V ? I color, nominal reddening, and the color-temperature relation) and T eff = 4100 K are shown in the second column. At the higher T eff the agreement between Fe I and Fe II is substantially improved. Uncertainties in gravity (which could enter via an uncertainty in the cluster distance modulus) chie y a ect the abundances derived from ionized species and oxygen.
While the value of T eff = 100K in Table 4 color-magnitude diagram tting), the value obtained for log g is about 0.4, dominated by the T eff uncertainty. The uncertainty in stellar mass adds in quadrature to this, but since { 11 { globular cluster giants cannot be as massive as 1.0 or less massive than 0.5 solar masses this contributes negligibly. The column for systematic trends with changing microturbulence goes as expected (species represented only by weak lines are much less a ected than others). The choice of 0.5 km s ?1 for this column is arbitrary; our numerical procedure determines microturbulence to within 0.1 km s ?1 but systematic e ects are certainly larger than this.
Discussion

The Metallicity of M54
On the Zinn-West scale, M54 has been estimated to have a metallicity of Fe/H] = ?1.59 (Harris 1996) . In their examination of the color-magnitude diagram of the Sgr system and M54, Sarajedini & Layden (1995) found Fe/H] = ?1.79 0:08 with a metallicity dispersion of 0:16 dex for M54, while da Costa and Armandro (1995) estimate ?1:55 0:10 from Ca II spectra. For the ve stars examined here we nd Fe/H] = ?1.55; the uncertainty is about 0.1 dex, dominated by the 100K uncertainty in the stellar temperatures. An additional factor arises from the uncertainty in the star's atmosphere structure, in particular the boundary temperature, which may not be handled exactly by the model (Kurucz 1996) ; the systematic e ect is probably an additional 0.1 dex. The statistical uncertainty introduced by 30 to 40 iron lines for each star is negligible in comparison.
Our selection of the brightest red giants in the cluster precludes an ability to test the suggestion by Sarajedini and Layden (1995) that there is a spread in metallicity in M54. The color-magnitude diagram of Smith et al. (1998) shows a sequence below the brightest giants that probably represent more metal-rich stars than those that populate the top of the red giant branch; Smith et al. discuss the membership possibility for these stars.
In addition to iron we have abundances of four other species that usually show small or negligible deviations from iron. These are K I, Sc II, Cr I, and Ni I. The individual species scatter substantially in the ratios to iron but means with each line (not element)
given equal weight yield a mean de ciency for the cluster stars of ?1:62 dex as compared to the sun. It is not likely that the scatter from one element to another within the group is Neither the oxygen or the -element abundances permit unambiguous classi cation of M54 with the globulars Rup 106 and Pal 12, which lack excesses in these elements.
Sodium and Aluminum
The enhancement of Na and Al in globular cluster stars that are de cient in O demonstrates the e ects of proton capture by 16 O, 22 Ne, and 24 Mg either in the interior of the O-de cient star or possibly in an earlier generation of stars (Cavallo et al. 1998) . Table  3 shows a substantial enhancement, 0.4 dex, in Na in Ibata 1, and no excess in the other stars. For Al the di erence is decisive, with Ibata 1 having an Al/Fe ratio well in excess of solar, and only upper limits clearly below the Ibata 1 value found for the other stars. Figure 1 shows the di erence in the 7835 A Al I feature (a blend of two lines); also shown is the di erence in CN band strengths between the CN-strong Ibata 1 and the CN-weak Ibata 2. The enhancement of Na and Al, both of which may be produced by proton capture at temperatures of 30 ! 70 10 6 K, is marked in Ibata 1. The phenomena of oxygen depletion accompanied by the enhancement of Na and Al has been thoroughly reviewed and discussed elsewhere Sneden et al. 1997; Cavallo et al. 1998) . It is seen frequently in globular cluster red giants, but not in eld stars of similar temperature, surface gravity, and Fe/H] ratio. There is a general consensus that the proton captures have taken place either within the stars in which the anomalous abundance ratios are seen or in { 14 { a previous generation of stars followed by inhomogeneous self-enrichment in the globulars. The restriction of the phenomenon to globular cluster stars does not solve the dilemma. Stars in globulars may have formed with higher rotational velocities than did eld stars, thus enhancing mixing. Alternately, the proximity of forming stars to mass-losing stars in globulars early in their history favors the capture of stellar ejecta by small-mass protostars that are now the observed red giants. With our small sample, the fraction of one star in ve showing the Na-Al anomaly is not statistically useful, but it serves to show that M54 is similar to several Halo clusters of comparable metallicity in having a mixture of stars that do and do not show the e ect.
The heavy elements: Zr, Ba, La, Eu
Of the four species included in this study heavier than the iron group, Zr, Ba, and La are usually produced e ectively by the s-process while Eu is primarily an r-process element (Cowan et al. 1997) ; the r-process is thought to occur in SN II only. Combining the data for all stars, the mean value of the s-process species is near s/Fe] = 0.0. For Eu the mean value is +0.39, which represents r/Fe] in the simple assumption that all the Zr and Ba come from the s-process and all of the Eu is produced by the r-process. Such an assumption is not very good, however, for metal-poor stars. A more detailed treatment has been provided by John Cowan (private communication) and employed by Gonzalez and Wallerstein (1998) in their analysis of the heavy elements in NGC 3201. Using those references to evaluate the ratio of contributions by s and r processes, we nd that over 99% of the Eu was contributed by the r-process in the cluster stars. For Ba the r-process contributed 30 to 50% in the M54 stars; for Zr the r-process contribution is about 60%. It is not clear how to assign an uncertainty to those numbers, but it appears that there is a signi cant contribution by the r-process to the Ba in the cluster.
Conclusions
Our investigation of the chemical composition of ve stars in the globular cluster M54, a cluster associated with the Sgr dwarf galaxy, has shown the following:
1. The metallicity is given by Fe/H] = ?1:55 0:15, in agreement with earlier low-dispersion estimates.
2. The cluster mean O/Fe] ratio, omitting Ibata 1, is +0.14 0.10, or +0.28 0.10 if Ibata 2 is also excluded. This mean lies between the standard value for metal-poor red giants and the solar value found for Rup 106; the uncertainties do not allow either value to be ruled out (though solar O/Fe seems unlikely if +0.28 is adopted as the cluster average). The mean /Fe ratio, /Fe] = +0.21, is again between those of normal Halo globulars and the young globulars Rup 106 and Pal 12, perhaps closer to the former. If these results had been obtained before the 1997 Rup 106/Pal 12 abundances, it would have been overwhelmingly tempting to conclude that the di erences between M54 and the normal Halo globulars were not signi cant. We believe that this remains a viable conclusion, particularly if the higher O/Fe] ratio is adopted, but an ambiguity exists, and testing this would require a sample most of an order of magnitude larger observed with better signal-to-noise.
3. The Na/Fe] and Al/Fe] ratios are signi cantly enhanced in the O-poor star Ibata 1 and clearly not enhanced in the other four stars. This tiny sample shows that M54 su ers from the same syndrome of variable O-Na-Al among its bright giants seen in many ordinary halo clusters of our Galaxy.
4. The r-process element, Eu, is enhanced in all stars, with a mean value of Eu/Fe] = +0.39 and Eu/Ba] = +0.26. This demonstrates that a substantial fraction of the heavy elements have been contributed by the r-process, which is believed to be produced only in Placing M54 in the context of chemical evolution history given its ambiguous O/Fe and /Fe values is di cult. The reason for this apparent spread in the SN II/SN Ia contribution to the even-Z elements from oxygen to iron is not evident. M54 does not clearly belong with either the \young", solar-ratio globulars Rup 106 and Pal 12, or with the \old" Halo-normal clusters. Since the age estimated for M54 is \old", the time interval needed for a precluster cloud to be enriched by SN Ia's is not clearly available (although it is by no means excluded). Given that M54 clearly originated in the small and low-angular-momentum Sgr dwarf this ambiguity is intriguing. Gilmore and Wyse (1998, and work cited therein) suggested that the low O/Fe and /Fe ratios in Rup 106 and Pal 12 are more associated with a distinctive chemical history of the precluster gas cloud (one that is easily understood in terms of a delayed formation of the cluster) than simply origin in a di erent galaxy, which has been an intriguing possibility based on the unusual kinematics of those two clusters.
One could conclude that M54 might represent a case intermediate between Halo-normal and Rup 106-like, i.e., that a continuum of chemical histories exists with varying importance of SN Ia's versus SN II's. There are obviously samples in the Galaxy where this true, since eld Halo and Disk stars show a gradual transition from one abundance ratio type to another, as evidenced in plots of di erent abundance ratios.
The elevated Eu abundance suggests that the heavy (heavier than Fe) elements have been produced chie y by the r-process and SN II's. This suggests that the chemical history of M54 has more in common with that of the normal Halo than that of Rup 106 and Pal 12. Rup 106 shows a low Eu abundance, which is understandable for an environment whose chemical history is dominated by SN Ia's. However, the Eu abundances in Pal 12 are again confusing, with one star having an elevated Eu abundance (which contradicts the idea of dominance by SN Ia's) and the other having an unhelpful upper limit.
